Despite the discovery of gene variants linked to memory performance, understanding the genetic basis of human memory remains a challenge. Here, we devised a framework combining human transcriptome data and a functional neuroimaging map to uncover the genetic signatures of memory in functionally-defined cortical and subcortical memory regions. Results were validated with animal literature and our framework proved to be highly effective and specific to the targeted cognitive function versus a control function. Genes preferentially expressed in cortical memory regions are linked to associative learning and ribosome biogenesis. Genes expressed in subcortical memory regions are associated with synaptic signaling and epigenetic processes. Cortical and subcortical regions share a number of memory-related biological processes and genes, e.g. translational initiation and GRIN1. Thus, cortical and subcortical memory regions exhibit distinct genetic signatures that potentially reflect functional differences in health and disease, and propose gene candidates for the targeted treatment of memory disorders.
INTRODUCTION
Memory function is crucial for everyday life. It is involved in a wide variety of cognitive tasks, from mental arithmetic to long-term planning. Human memory function is relatively well characterized in terms of gross neural correlates related to behavior and mental disorders. Insights gained from non-invasive functional magnetic resonance imaging (fMRI) and brain lesion case studies [1] [2] [3] led to an understanding of cortical and subcortical memory regions as functionally distinct areas subsumed under the broad umbrella of memory function. Yet, despite the fact that memory ability is highly heritable 4, 5 , with genetic risk factors for memory disorders 6 , the genetic signature underlying human memory remains poorly understood 7 . This gap can potentially be addressed by combining recently created human brain transcriptomes 8 and neuroimaging maps [9] [10] [11] . While similar work has been done in recent years, most effort concentrate either on functional networks in either the cerebral cortex or subcortex due to the disparate patterns of gene expression across these regions 8, [12] [13] [14] [15] [16] . However, recent work also suggests that functional networks in the human brain have convergent gene expression patterns across cortical and subcortical areas 17 .
Therefore, a key question stands: Do functionally distinct human cortical and subcortical memory regions [18] [19] [20] [21] possess distinct genetic signatures associated with memory function? The answer could provide an insight into the underlying biological processes and genes underlying human cortical and subcortical memory, and benefit drug discovery for cognitive enhancement 22 and the treatment of memory disorders [23] [24] [25] .
Exploring the genetic basis of cortical and subcortical memory is relevant to understanding the distinction between different memory types, stages of memory formation, and the associated cognitive functions and disorders. Human memory is broadly classified into declarative and non-declarative memory 26 , and has been studied with fMRI and lesion studies. Explicit or declarative memory involves conscious awareness and is generally associated with facts, events, and places.
Implicit or non-declarative memory does not require conscious awareness and is linked to perceptual and motor learning 7 . Functionally, explicit memory is largely linked to activity in cortical regions (hippocampus and perirhinal, entorhinal, and parahippocampal cortices), while implicit memory is related to subcortical regions (amygdala, striatum, basal ganglia cerebellum) 7, 20, 21, 27 . This divide in corticalsubcortical function is also important in various facets of healthy memory function and memory disorders. In systems consolidation, memory consolidation is primarily associated with cortical regions, including the hippocampus 28 . Among cognitive disorders, Alzheimer's disease 29 and schizophrenia [30] [31] [32] are also associated with cortical mechanisms. In contrast, memory disorders such as dementia may be classified as either cortical or subcortical, depending on behavioral and neuropsychological deficits observed 18, 19, 33 . As such, the genetic signature of cortical and subcortical memory may yield insight into the various memory processes and disorders specifically associated with each region. Additionally, understanding the general genetic mechanisms supporting human memory function is crucial given the role of memory in development 34 , ageing [35] [36] [37] , and numerous psychiatric disorders.
The latter include undesirable enhanced memory in post-traumatic stress disorder and impaired modulation between memory and reward systems in addiction 38 .
Furthermore, identifying the genetic signatures of human memory may be useful for drawing comparisons between the molecular mechanisms of memory in models of animal and human cognition 39, 40 . Importantly, a drug discovery approach centered on human genomics [41] [42] [43] that is complemented with animal research may accelerate current efforts in identifying drug candidates for memory disorders [44] [45] [46] .
Given that diverse memory processes have common cortical or subcortical neural substrates, we sought to establish if there are unifying genetic signatures across cortical or subcortical memory areas. Convergent gene expression across cortical or subcortical memory regions may be expected due to anatomical and/or functional relatedness in various stages of life. During neurodevelopment, functionally-related neurons may migrate across cortical or subcortical areas, and thus form a convergent gene expression profile across these regions 47, 48 . During adulthood, neurons in different brain areas may be structurally 49, 50 or functionally connected 51 , and thus share a common molecular mechanisms for areas within the same functional network [12] [13] [14] 17, 52, 53 . These shared gene signatures may reflect cortico-cortical 13 and functional connectivity 14, 54 . Such trends may also extend to memory, as such functional and structural connectivity is also observed seen between cortical areas linked to memory performance. Functional networks underlie memory performance in the cortex 55, 56 , including a cortex-based medial-temporal-lobe-and-neocortex network involved in episodic memory and memory encoding [57] [58] [59] [60] . Structural connectivity in cortical areas is also tied to episodic memory performance in children and adults 61, 62 .
Given that spatial gene expression is known to underlie functionally and structurally connected areas, we may expect to find gene signatures of cortical and subcortical areas linked to memory. However, these cortical and subcortical gene signatures are likely distinct due to their roles in health and disease.
Here we developed a novel, validated framework that identifies gene signatures of human cortical and subcortical memory. We first correlated the spatial human brain transcriptomes and neuroimaging data for each gene 15 ( Fig. 1a, b) . Second, we analyzed both cortical and subcortical regions separately, and identified biological processes and candidate genes with Gene Set Enrichment Analysis (GSEA) and
Leading edge analysis (LEA) respectively (Fig. 1c, d ). GSEA analyzes genes as potentially working towards a common biological function, instead of independent individual entities 63, 64 . GSEA and LEA were effective in identifying genetic signatures of cognitive functions [65] [66] [67] , including episodic and working memory 68, 69 . Third, we validate the link between these discovered genes and human memory by drawing from animal memory literature (Fig. 1e) . Fourth, we assess method effectiveness and specificity in identifying genes strictly related to memory function as opposed to a control function i.e. double dissociation (Fig. 1f) , and vice versa. With this framework, we found largely distinct memory-related biological processes and genes across cortical and subcortical regions. These results indicate that the cortical and subcortical memory regions have largely distinct genetic signatures. These biological processes and genes may provide a better understanding of genetics that underlie systems-level memory, and a potential basis for the targeted treatment of memory disorders 21 .
MATERIALS AND METHODS

Allen Human Brain Atlas
The AHBA transcriptome was generated from normalized mRNA microarray sampling of a combined 3702 sampling sites across six donor brains aged 24 to 57 (N = 6 left hemispheres, N = 2 right hemispheres) 8 . Data from all six donors was horizontally concatenated into a .csv file, with one probe per row.
Neurosynth memory association map
Neurosynth association maps (thresholded FDR < 0.01) were used as neuroimaging data for the memory and motor functions 9 . These cognitive functions were chosen as they were largely functionally and anatomically distinct, constructed from a similar number of studies (N memory = 2744, N motor = 2565). Neurosynth quantifies the relevance of each voxel to the user-specified search terms based on a database of neuroimaging studies. Each voxel is assigned a z-score reflecting the number of studies with the search terms in the title or the abstract. Negative z-scores indicate a higher correlation with other search terms unrelated to memory, and thus were excluded from our analyses. For broad cognitive function domains, single terms enable the generation of maps that approximate the target cognitive process reasonably well 9 . Therefore, we used 'memory' and 'motor' as our search terms to derive the memory and motor association maps. Note that in the example of memory, this approach resulted in inclusion of a broad range of sub-functions, such as working memory and long-term memory. This allowed for a broader definition of memory and motor function for subsequent candidate gene identification steps.
AHBA mRNA probe election procedure
To accurately estimate wild-type gene expression, probes were collapsed with a oneprobe-per-gene representation as per Richiardi et al. (2015) 52,70 instead of averaging across probes 15 . Genes without an official Entrez ID were excluded. We also excluded the probes that were either expressed insignificantly above background, or were not mapped to the gene's exonic region. For each remaining gene, the probe with the best match to the gene's exonic region was selected 52 . This probe selection procedure was meant to account for the varying reliability of AHBA probe measurements due to microarray probe-gene mismatches, which could lead to a misrepresentation of true gene expression level 70 .
Defining cortical and subcortical regions
The data were divided into cortical and subcortical regions with the modified Brodmann 15 developed a tool for correlating the spatial AHBA and neuroimaging maps 9 to identify top correlated genes as candidate for gene-cognition associations 15 .
Their method leveraged on findings that the reward-associated dopamine receptor gene (DRD2) was consistently and highly expressed in the striatum [72] [73] [74] , a brain area reliably found to be relevant for reward-processing 75, 76 . This suggests that the spatial intensity of genetic expression signatures may correlate with the neural correlates of specific cognitive functions. We used the spatial analysis separately for cortical and subcortical regions. An approximate random effects analysis was used to account for individual gene expression variability and to counter the sparse cortical sampling in the AHBA maps 15 . Donor regression slope and intercept were modeled individually.
This returned each gene's mean correlation value (averaged across the six donors), which was the statistic of interest. For a candidate gene associated with memory, we would expect high spatial similarity between both maps, i.e., a pattern of high gene expression within areas highly relevant for memory and vice versa. This would be reflected in a high mean correlation value for that gene. As a result of this step, we obtained four lists L of 16906 genes, for memory/motor functions, and cortical/subcortical regions.
Identifying biological processes of cognitive function
We used a gene set analysis tool (GSEA Pre-ranked) to identify sets of genes associated with common biological functions. The four lists of genes L were ranked by mean correlation value and passed to GSEA Pre-ranked. For GSEA Pre-ranked, we analyzed each list L with the GSEA Pre-ranked module (v5) on GenePattern with the default parameters 63, 77 , including weighted scoring using the Gene Ontology Biological 
Visualization of significantly enriched gene sets
We next visualized the key functional themes in these networks. For each pair of sets S + and S − , we input gene set from GSEA into the Cytoscape network visualization software, and filtered for gene sets with FDR q-value < 0.05. We then used the Enrichment Map app to construct the gene set networks and annotated them with the Wordcloud extension [78] [79] [80] . This was done using the default settings except for a custom FDR q-value threshold of 0.05 (i.e., FDR < 0.05). This step returned four annotated enrichment maps for the list L of each cognitive function and for each of cortical and subcortical areas.
Identifying candidate genes associated with memory
To identify candidate genes most likely to be relevant to the cognitive function, we identified genes frequently appearing across the gene sets with the leading edge 
Literature review of genetic signatures
We conducted a literature review and counted the number of 'hits' for the target cognitive function and the control function. To catalogue the function of each gene in cognition, we conducted a literature review on the candidate genes within each CL for its association with memory and motor function. This was done by reviewing experimental literature on Google Scholar, via a search query: ("gene name" AND ("memory" OR "amnesia" OR "Alzheimer's")), and ("gene name" AND ("motor" OR "ataxia" OR "Parkinson's" OR "Huntington's")) respectively. The disorders were selected for keyword search because they related with deficiencies in memory and motor functioning. Causal evidence (in-vivo gene manipulations, mutants and pharmacological interventions) was classified as strong, while correlational evidence (computational gene associations, in vitro studies, differential gene expression studies and human case studies) was classified as weak. Literature evidence only counted as validation if it implicated the corresponding brain area, i.e., cortical or sub-cortical.
Evidence of a given gene's role solely in the non-analyzed brain region was not counted. For example, if a paper showed that the knockout of Gene A in the subcortex leads to disrupted memory, it would not count as evidence for the analysis of cortical memory.
Assessing method performance in identifying candidate genes
We quantified method performance by significance testing and specificity assessment based on the prior literature review. We calculated the chance probability of obtaining N memory genes per gene list (without replacement) by calculating the proportion of known memory genes out of all 16906 genes (Supplementary Table 3 84 . For example, if ten genes are selected randomly without replacement, the probability of all of them being memory-related genes is 3.72×10 -15 . With this, we calculated the probability of obtaining zero through ten memory-related genes (Supplementary Table 3 ).
Dissociation genetic signatures of memory and motor function
The method specificity was determined by scoring the ratio of 'hits' versus 'misses'.
For example, in the memory analysis 'hits' correspond to gene-memory associations supported by literature, and 'misses' correspond to supported gene-motor function links. The larger the ratio of 'hits' over 'misses', the greater the method specificity. The evidence was weighted such that strong evidence 'hits' and weak evidence 'hits' received a full point and half-point, respectively. To quantify the method's specificity, for each candidate gene list CL, we used the equations below for each memory and motor function CLs. If the method is specific, for memory analyses the memory specificity score should be above 50% and motor score below 50%, and vice versa.
Equation 1
Memory specificity score (%) =
Equation 2
Motor function specificity score (% 
Spatial correlation of transcriptome atlas and memory map
To analyze the spatial similarity between transcriptome and neuroimaging map, we used the Allen Human Brain Atlas (AHBA) and Neurosynth memory association map respectively. The AHBA was derived from six donor brains, and represented human brain gene expression in the left cortical and subcortical regions (N = 6) (Fig. 1a) . The
Neurosynth memory association map was a meta-study map (N = 2744) which represented of each brain region's relevance for memory, specified by positive zscores (Fig. 1a) . We co-registered both maps into a common Montreal Neurological Institute 152 (MNI152) space. The areas in the memory association map were used to define the usable AHBA samples for the subsequent spatial correlation analysis. We conducted the spatial similarity analysis between AHBA and Neurosynth association map separately for cortical and subcortical regions, and for memory and motor function (for an example visualization, see Fig. 2 ). Genes with high spatial similarity between their expression map and memory term map are likely related to memory 15 .
Each analysis yielded a list L, which contained the mean correlation values of 16906 genes used for subsequent ranking (Fig. 1b, Supplementary Table 1) . The mean correlation values were stable across donors (average SD = 0.122±0.03). The top-ten positively and negatively correlated genes for the memory cortical and subcortical analyses are shown in Table 1 . There were more negatively correlated genes than 85 . A negative correlation implies the opposite, and the gene may play an inhibitory role 86 .
Distinct biological processes of cortical-subcortical memory
To identify and characterize sets of genes that work towards a common biological function, we analyzed each of the cortical and subcortical lists L with GSEA-Preranked (Fig. 1c) . This yielded positively scoring and negatively scoring gene sets, derived from the positively and negatively correlated genes of L, respectively. These gene sets were then grouped into functionally related clusters, and automatically annotated with biological themes. The complete GSEA results with the enriched biological processes and respective genes are available in Supplementary Data 1. Overall, the cortex and subcortex had distinct biological themes that were previously linked to memory. The cortex was linked to memory-related biological themes of associative learning, cellular respiration [87] [88] [89] , and protein targeting (Fig. 3a) . (Fig. 3b) .
Examining the top gene sets within these biological themes, we found biological processes relevant for memory function in both cortical and subcortical analyses. In the positively scoring gene sets of the cortical analysis, we found the expected gene set "Associative learning" to be significantly enriched (FDR < .05). The most significant hit was the "regulation of clathrin-mediated endocytosis" gene set ( Table   2 ). Clathrin-mediated endocytosis is relevant to memory, notably in AMPAR endocytosis in long-term potentiation based memory [104] [105] [106] . Dysregulated clathrinmediated endocytosis processes has also been found in AD patients and animal models, and its inhibition can prevent memory impairment in an AD mouse model 107, 108 . In the negatively scoring gene sets of the cortical analysis, the top two significant hits were the "Establishment of protein localization to endoplasmic reticulum" and "Nuclear transcribed mRNA catabolic process nonsense mediated decay" gene sets ( Table 2) . Nonsense-mediated decay of mRNA is a posttranscriptional quality control process which leads to the decay of mRNA [109] [110] [111] . An example target of this process is the Arc mRNA. Arc is a known long term potentiation-induced protein that is synthesized after learning and involved in 98, 112 . Inhibition of the nonsense-mediated decay process increases synaptic strength, and the dysregulation of nonsense-mediated decay is associated with memory dysfunction 110, 113 .
In the positively scoring gene sets of the subcortical analysis, we found the expected gene sets "Learning" and "Regulation of synaptic plasticity" to be significantly enriched (FDR < .05). The most significant hit was the "regulation of synaptic vesicle transport" gene set ( Table 2 ). The regulation of vesicle exocytosis and vesicle cycling controls neurotransmitter release, which underlies synaptic transmission.
Importantly, this regulation of vesicular transport is known to play a role in memory and working memory 114, 115 . In the negatively scoring gene sets of the subcortical analysis, the top two significant hits were the "Nuclear transcribed mRNA catabolic process nonsense mediated decay" and "translational initiation" gene sets ( Table   2 ). The relevance of nonsense mediated decay of mRNA has been discussed above. The suppression of translation initiation may be the state of mRNA translation at rest, which is alleviated only under conditions of learning 116 .
Alternatively, the suppression of protein synthesis and ribosomal biogenesis may be relevant for memory function [117] [118] [119] .
Distinct candidate genes of cortical-subcortical memory
To identify candidate genes that are most likely linked to human memory function, we identified genes that drive the enrichment score of multiple gene sets obtained above (Fig. 1d ) 63, 81, 120 . This was done by applying the Leading Edge Analysis to the positively and negatively scoring gene sets above, followed by selecting the top-10 genes appearing most frequently across the leading edge subsets of the gene sets (Supplementary Table 2) . These genes were then validated with animal model literature, which are classified as strong or weak evidence supporting the link between the gene and memory function (Fig. 1e) . Strong evidence consists of causal gene manipulation or drug treatment studies, e.g., gene knockout leading to memory alteration. Weak evidence encompasses non-causal correlational or computational studies, e.g., gene upregulation that correlates with enhanced memory performance.
The candidate gene lists for cortical and subcortical memory were found to be largely distinct and are shown in Table 3 and 4 (overlap = 6/40, Supplementary Table 3 ). For the positively correlated candidate genes of cortical memory areas, all ten had strong evidence supporting their role in memory function ( Table 3,   Supplementary Table 3) . For example, GRIN1 and NTS are causally linked to memory [121] [122] [123] . For the corresponding negatively correlated genes, nine out of ten had weak evidence for their role in memory ( Table 3) . These included ribosomal genes RPS5 and RPS13 which were differentially expressed in Alzheimer's Disease models 124, 125 , and RPS16 and RPS25 in long term memory 126, 127 . Table 3 for notation. 
CL
Dissociable genetic signatures of memory and motor function
We assessed the effectiveness and specificity of the framework in identifying candidate genes for memory by using motor function as the control function (Fig. 1f) .
Generally, the framework was effective in identifying candidate genes for memory and motor function, inferred from the number of genes related to memory and motor function. For the memory analyses, we found that the number of genes associated with memory function were 7, 9, 9, and 10 for subcortical(-), subcortical(+), cortical(-), and cortical(+) candidate gene lists, respectively (Supplementary Figure 1) . The probability of selecting seven memory-related genes by chance (i.e. from a catalogue of known memory-related genes) was small (p = 8. function specificity scores, respectively. However, the CL containing negatively correlated genes from the motor function subcortical analysis scored 50% for both specificity scores (Fig. 4, Table 5 ), i.e., was non-specific. A multiple linear regression model confirmed that the cognitive function was the only statistically significant predictor of the specificity score (t(7) = −3.33, p < 0.05). These results suggest that the framework is relatively specific in identifying candidate genes associated with given cognitive functions.
DISCUSSION
Taken together, our results show that cortical and subcortical regions involved in human memory possess distinct genetic signatures. These genetic signatures are in agreement with prior research in animal models of memory, and were dissociable between memory and motor functions. This finding contributes to our knowledge of the functional differences of cortical and subcortical regions in healthy memory function and memory disorders. First, the distinct biological processes and candidate genes of cortical and subcortical memory regions may be related to the functional distinction in human cortical-subcortical memory. Second, animal memory literature supports the link between these genetic signatures and human memory in the cortex and subcortex. Third, the dissociation between memory and motor function candidate gene lists suggest that these genetic signatures are specific to each cognitive function.
Thus, the strong similarities between the spatial patterns of human brain transcriptome and the functional neuroimaging map of memory can be exploited to identify molecular mechanisms of human memory and candidate biological processes/genes for drug development. Importantly, a drug discovery approach centered on human genomics 41,42 may complement current efforts in identifying drug candidates for memory enhancement or the treatment of specific cortically-or subcortically-based memory disorders [44] [45] [46] .
Presently, most human memory evidence are derived from popular non-invasive methods such as Genome-Wide Association Studies 131 (GWAS), which identifies links between gene variants and cognition 68 . GWAS was useful in discovery of a number of associations between genes and cognitive traits, such as L1CAM and repetition-based memory improvement 68, 69, 132, 133 . However, GWAS ignores the spatially distributed gene expression in the brain by solely analyzing gene variants in relation to brain or behavioral measures 8, 134 . Our framework overcomes these issues by accounting for spatial gene expression and identifying biological processes related to human memory. In line with this, we found that cortical and subcortical memory are associated with largely distinct memory-related processes, such as cortical memory and cellular respiration [87] [88] [89] , and subcortical memory and ribosome biogenesis 95 ( Fig. 3a, 3b) .
Furthermore, these findings could provide new insights into human memory. For example, we found epigenetic and histone methylation processes associated with human subcortical memory, which were previously linked to memory in rodents 100 .
Modulating epigenetic regulators has previously shown promise in reversing
Alzheimer's disease in flies 135 .
Our framework also identifies candidate genes that drive the score of such memoryrelated biological processes, which are similarly distinct across cortical and subcortical memory. Within memory function, we found that the candidate genes of cortical and subcortical memory were largely distinct ( Table 3 and 4, Supplementary Table 3) .
Interestingly, among positively correlated genes, NLGN3, NF1 and GRIN1 genes were common between cortical(+) and subcortical(+) gene lists. Among negatively correlated genes, RPS5, RPL11 and RPS15 overlapped between cortical(-) and subcortical(-) gene lists ( Table 3 and 4, Supplementary Table 3) . Overall, some genes were shared across cortical and subcortical memory brain regions with the same correlation polarity, and may play a general role in memory irrespective of brain region. Conversely, genes that are not shared across cortex and subcortex may play a more local role in memory function.
Across memory and motor function, candidate genes lists were generally distinct, indicating the relative specificity of the method. Shared genes consisted of ribosomal subunit protein genes, including RPL41 shared between memory cortical(-) and motor cortical(-) gene lists. Intriguingly, multiple ribosomal subunit protein genes were shared between inversely correlated memory and motor function gene lists ( Table 3 and 4, Supplementary Table 3) . The same ribosomal genes with inverse correlations implies differences in regulating ribosomal machinery depending on cognitive function. This suggests dual roles in enabling one function and inhibiting the other. This is in line with recent animal research, where recognition memory accompanies transcriptomic regulation 136 . In memory, it appears that ribosomal mRNA production is suppressed. While it may seem counterintuitive, as memory requires greatly upregulated protein production for memory formation 103, 137, 138 , the suppression of translational machinery mRNA may be the brain's state at rest. This state may be reversed only under conditions of learning to enable increased memory protein production capacity 116 , i.e., increased ribosomal mRNA production and translation. Alternatively, this may also suggest that the suppression of protein synthesis and ribosomal biogenesis is relevant for memory function [117] [118] [119] . In the context of memory function, the identified biological processes and genes are related to memory in a convergent manner. These exist in both the cortical and subcortical regions, and recapitulate a trend of tight regulation of mRNA and synaptic plasticity in memory 136 . Researchers should thus view candidate genes in the context of biological processes to gain a comprehensive understanding of mechanisms underlying a given cognitive function.
This approach has downsides, as it is limited by the spatial resolution of both the cognitive function maps and human brain transcriptome. The sensitivity and statistical power of our framework will grow as the spatial resolution and sample size of the AHBA database increases. This is because the AHBA transcriptome map has a lower resolution compared to functional imaging map, especially in the cortex 71 .
Furthermore, as the translation of gene mRNA into a functional product is heavily regulated, donor brain proteomes may be complementary in identifying genes linked to memory [139] [140] [141] .
CONCLUSIONS
Here, using the Allen Institute brain transcriptional atlas and Neurosynth neuroimaging maps, we demonstrate that cortical and subcortical memory regions have distinct genetic signatures. These genetic signatures provide novel biological processes and molecular targets for understanding of human memory function in health and disease.
Crucially, our framework may be applicable to other cognitive functions or neuroimaging modalities from the ones demonstrated here to identify and understand the genetic signatures of cognitive functions.
